Mycobacterium tuberculosis (Mtb) Cmr (Rv1675c) is a CRP/FNR family transcription factor known to be responsive to cAMP levels and during macrophage infections. However, Cmr's DNA binding properties, cellular targets and overall role in tuberculosis (TB) complex bacteria have not been characterized. In this study, we used experimental and computational approaches to characterize Cmr's DNA binding properties and identify a putative regulon. Cmr binds a 16-bp palindromic site that includes four highly conserved nucleotides that are required for DNA binding. A total of 368 binding sites, distributed in clusters among ∼200 binding regions throughout the Mycobacterium bovis BCG genome, were identified using ChIP-seq. One of the most enriched Cmr binding sites was located upstream of the cmr promoter, and we demonstrated that expression of cmr is autoregulated. cAMP affected Cmr binding at a subset of DNA loci in vivo and in vitro, including multiple sites adjacent to members of the DosR (DevR) dormancy regulon. Our findings of cooperative binding of Cmr to these DNA regions and the regulation by Cmr of the DosR-regulated virulence gene Rv2623 demonstrate the complexity of Cmr-mediated gene regulation and suggest a role for Cmr in the biology of persistent TB infection.
INTRODUCTION
The World Health Organization (WHO) estimated 9 million new tuberculosis (TB) cases in 2013 and 1.5 million TB deaths, of which 0.36 million were Human Immunodeficiency Virus (HIV)-associated (1) . Global impact of the TB epidemic is exacerbated by the synergy of Mycobacterium tuberculosis (Mtb), the causative agent of TB, with HIV, as well as the steadily increasing rates of drug resistance that are a byproduct of the lengthy treatment regimens (2, 3) . The bulk of TB disease occurs via reactivation of pre-existing dormant infections, resurfacing during favorable conditions for the bacterium, like compromised immune status of the host (4) . It is estimated that one-third of the world's population is latently infected with Mtb, thus providing a huge reservoir for potential reactivation (5) . Therefore, TB continues to be one of the deadliest communicable diseases.
Significant progress has been made in surveillance and control strategies since TB was declared a global emergency in 1993. However, wide gaps still exist in our understanding of Mtb biology, hindering the development of new therapeutics. The success of Mtb as a human pathogen depends on its ability to persist within host macrophages or granulomas for extended periods of time, and escape eradication by the host immune response (6) . These processes require that Mtb regulate its gene expression in response to the complex environmental stresses within the host. The Mtb genome encodes at least 200 transcription factors, which underscores the importance of transcriptional regulation in Mtb (7, 8) . Extensive studies on individual transcription factors (9, 10) , and regulatory networks defined using largescale studies on multiple transcription factors (8) have provided valuable insight into the physiology of Mtb. Sigma factors, two-component and kinase phosphorelay systems, and a vast array of small signaling molecules (7, 11, 12 ) also contribute to this regulatory response. Second messenger signaling molecules like cyclic nucleotides, (p)ppGpp and divalent calcium relay external signals to appropriate effector molecules within the cell, such as transcription factors, that control gene regulation (13, 14) . Cyclic nucleotide molecules like c-di-AMP and c-di-GMP also have been associated with Mtb virulence and dormancy (15, 16) . cAMP (cyclic adenosine 3 ,5 -monophosphate) is one of the most broadly used second messenger molecules, first discovered for its roles in hormone signal transduction in eukaryotes (reviewed in (13) ). Subsequently, the role of cAMP in catabolite repression, virulence and signaling pathways have been studied in many bacterial and fungal pathogens, including Mtb (13) . Mtb has at least 15 adenylyl cyclases, which convert adenosine triphosphate (ATP) to cAMP in response to diverse environmental cues, thus making the role of cAMP in Mtb more prominent and complex than in most other bacterial pathogens (17) (18) (19) . Bacterial cAMP levels within viable Mycobacterium bovis BCG Pasteur and Mtb increase upon macrophage infection as do the cAMP levels within the host macrophages (20) . This surge in macrophage cAMP was shown to be dependent on an Mtb adenylyl cyclase, Rv0386 (21) .
Regulation of gene expression is a primary outcome of cAMP production, and in bacteria this is usually achieved via cAMP binding to effector proteins, such as transcription factors. cAMP binding often causes allosteric changes that alter the activation state of these effector proteins and affects gene expression. The transcription factors CRP Mt and Cmr are two of the 10 cNMP (cyclic nucleotide monophosphate)-binding proteins in Mtb initially predicted by an in silico study (17) . However, CRP Mt and Rv0998, a cAMP-dependent lysine acetyltransferase (22) , are the only downstream effectors of cAMP that have been well characterized in Mtb.
CRP Mt (Rv3676) and Cmr (Rv1675c) belong to the CRP/FNR superfamily of transcription factors, and each contains a putative N-terminal nucleotide sensing domain and a C-terminal helix-turn-helix (HTH) binding domain (19, 23) . Deletion of the gene Rv3676 (crp), which encodes CRP in Mtb attenuates growth of the bacterium in laboratory culture medium, macrophages and a BALB/c mouse model (24) , suggesting its role in virulence. A contributing factor to Mtb crp's slow growth in vitro was attributed to CRP Mt 's role in amino acid biosynthesis, particularly serine production (25) . CRP Mt also regulates expression of rpfA, one of the five genes encoding resuscitation promoting factor proteins in Mtb (24) , and whiB1, an essential NO-responsive transcription factor in Mtb (26, 27) . In Mtb, CRP Mt recognizes a consensus sequence similar to that of Escherichia coli CRP (9, 24, 28) , but CRP Mt is less dependent on cAMP for DNA-binding (9, 24) . A binding site upstream of whiB1 is one of the few exceptions at which CRP Mt requires cAMP for DNA binding (26, 29) . The genome-wide binding profile of CRP Mt was recently investigated (30, 31) but Cmr's DNA-binding and gene regulatory properties remain largely unexplored.
Cmr was identified initially as the regulator of a group of cAMP and macrophage-responsive genes (32) . These genes were deregulated in a cmr mutant within macrophages or upon addition of exogenous cAMP to mycobacterial growth media (33) . Cmr is non-essential for Mtb growth in vitro (32, 34, 35) , but TraSH analysis showed a moderate effect of Cmr on in vivo growth in a murine model system (http://orca2.tamu.edu/U19/genes/detail/Rv1675c/). In the present study, we identified ∼200 genome-wide Cmr binding regions using ChIP-seq and show that Cmr is an autorepressible global regulator that contributes to the expression of the DosR regulon. Cmr binding sites were often clustered together within the chromosome, suggesting cooperative binding of Cmr, which was affected by cAMP levels. Cmr's association with DosR/DevR regulon members suggests a complex interplay between two global transcription factors involved in Mtb virulence and persistence.
MATERIALS AND METHODS

Bacterial strains and culture
Mtb H37Rv (ATCC 25618), M. bovis BCG (Pasteur strain, Trudeau Institute) and all recombinant strains in these parent backgrounds were grown in mycomedium (Middlebrook 7H9 medium (Difco) supplemented with 0.2% [vol/vol] glycerol, 10% [vol/vol] oleic acid-albumindextrose-catalase (OADC), 0.05% [vol/vol] Tween-80). Fresh cultures were inoculated from frozen stocks for every experiment. Bacteria were typically used after 7 days of growth (late log phase). Bacterial cultures were grown to late log phase at 37 • C in 25-cm 2 tissue culture flasks in mycomedium at a shallow depth of 2 mm under ambient conditions (20% O 2 , 0% CO 2 ) in a controlled atmospheric incubator, and maintained either shaking or standing. E. coli strains were grown in Luria-Bertani broth or on Luria-Bertani agar plates. Kanamycin at 25 g/ml or hygromycin at 50 g/ml was added for recombinant strains. All cultures were grown at 37 • C unless specified otherwise.
Cmr knockout strains of both M. bovis BCG and Mtb were generated using homologous recombination as described previously (32) , to replace a portion of cmr open reading frame with a kanamycin cassette. The kanamycin cassette interrupts cmr open reading frame and replaces amino acids 64-165. Single copy complementation strain was constructed as described in (32) . Briefly, the cmr open reading frame and its corresponding upstream intergenic promoter sequence was polymerase chain reaction (PCR)amplified and cloned into the integrating expression vector pMBC409, which contains a hygromycin-resistance marker, to generate the single copy-complementation strain pMBC668. The plasmid was transformed into M. bovis BCG cmr, and Mtb H37Rv cmr strains. cmr open reading frame and its Shine-Delgarno sequence was PCRamplified and cloned downstream of a tuf promoter into expression vector pMBC283-oriM, to generate a multi-copy tuf promoter driven complementation plasmid pMBC357. The plasmid was transformed into M. bovis BCG wild-type (WT) and M. bovis BCG cmr strains. M. bovis BCG WT transformed with pMBC357 was used in two of the ChIPseq experiments. M. bovis BCG cmr transformed with pMBC357 was used as the multicopy cmr complementation strain.
Expression and purification of Cmr
Recombinant His-tagged cmr (full length) and the HTH+ and HTH− truncated cmr were PCR amplified from Mtb H37Rv DNA template, using primers listed in Supplementary Table S3 . The amplified DNA products were cloned into pET28a+ (Novagen) between EcoRI and HindIII restriction sites to generate pMBC370, pMBC787 and pMBC788 respectively, all with a N-terminal His6x tag. Cterminal His-tagged Cmr (pMBC1760) was expressed by cloning cmr ORF (open reading frame) into the NcoI and XhoI sites in the pet28a+ vector. The plasmids were sequence verified, and maintained in E. coli BL21 (DE3) strain.
Bacterial cultures were grown to an optical density at 600nm (OD 600 ) of 0.4-0.6, and the expression of full length Cmr was induced overnight with 1 mM isopropyl-␤-thiogalactopyranoside (IPTG) at room temperature. The expression of the truncated proteins was induced overnight at 15 • C with 1 mM IPTG. Protein expression was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis using anti-His monoclonal antibody (Clontech).
Protein purification was carried out as described previously (9), with modifications. For purification, a 500 ml culture was pelleted, washed with 1 mM Tris-HCl, and resuspended in 12.5 ml lysis buffer containing 50 mM Tris-HCl (pH 8.0), 0.02% glycerol, 1 mM dithiothreitol and 1% protease inhibitor cocktail (Sigma). Bacteria were lysed by three freeze-thaw cycles and sonication for 5 min (at 4 • C), followed by three additional freeze-thaw cycles. The lysate was cleared by centrifugation at 13 000 rpm for 15 min at 4 • C. The His-tagged proteins were purified using HisTrap affinity column (GE Lifesciences) per the manufacturer's instructions, and the eluted protein was dialyzed against phosphate-buffered saline (PBS) with 10% glycerol. Protein concentration was measured with a NanoOrange Protein Quantitation Kit (Molecular Probes) and diluted to 0.3 mg/ml before being stored in aliquots at −70 • C.
Full length Cmr with C-terminal His6x tag was also expressed and purified as above. Both N-and C-terminal Histagged Cmr proteins showed equal dimerization and DNA binding ability, thereby confirming that the His-tag does not interfere with the protein folding or function (data not shown).
Preparation of polyclonal antibody and western blot analysis
Two New Zealand white rabbits were immunized subcutaneously with 1 mg purified N-terminal His-tagged Cmr emulsified 1:1 with Titermax Gold (Sigma) and boosted thrice biweekly with the same amount of protein and adjuvant. The specificity of serum was confirmed by western blotting with His-Cmr. Purified His-Cmr was mixed with SDS-PAGE sample buffer, and run on a 12% SDS-PAGE gel. Proteins were blotted onto polyvinylidene difluoride (PVDF) membranes and sequentially probed with anti-Cmr serum and with a peroxidase-conjugated goat antirabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories). Peroxidase detection was carried out with the enhanced chemiluminescence (ECL) western blotting detection reagents and analysis system (Amersham Biosciences).
Mycobacterial protein extraction and western blot analysis
Liquid cultures of M. bovis BCG WT and mutant strains were grown for 7 days in the required conditions. The bacteria were washed with cold PBS containing 0.25% protease inhibitor cocktail. The pellet was resuspended in lysis buffer containing 0.3% SDS, 200 mM DTT, 28 mM Tris-HCl, 22 mM Tris Base and 1% protease inhibitor cocktail. Protein was extracted by vigorous sonication and freeze/thaw cycles. Cell debris was removed by centrifugation. The supernatant was used as total protein lysate. NanoOrange R Protein quantitation kit (Molecular probes) or Micro BCA TM Protein Assay kit (Life Technologies) was used to quantify the protein. Thirty microgram total protein mixed with SDS-PAGE sample buffer was loaded in each well of denaturing SDS-PAGE gel (15% resolving gel, 5% stacking gel). The gel was run at 100V until the dye front reached the bottom of the gel, and the proteins were blotted onto a PVDF membrane using a standard wet-transfer protocol. Equal loading of samples was visualized using a duplicate SDS-PAGE gel stained with standard Coomassie Brilliant Blue staining protocol.
To detect Cmr, the membrane was sequentially probed with Rabbit-anti-Cmr polyclonal serum (precleared with M. bovis BCG cmr lysate), followed by Goat Anti-rabbit PolyHRP antibody (Thermo Scientific Pierce Protein Research Products). To detect Rv2623, the membrane was sequentially probed with Mouse-monoclonal-anti-Rv2623 antibody (generously provided by Dr John Chan, Albert Einstein College of Medicine, NY), followed by Goat Antimouse-HRP antibody (Jackson ImmunoResearch Laboratories). Mouse-anti-KatG antibody (BEI Resources) was used to detect KatG, used as loading control. Peroxidase detection was carried out with SuperSignal TM West Pico Chemiluminescent Substrate (Life Technologies).
Cross-linking of Cmr by glutaraldehyde
Cross-linking of purified His-tagged Cmr was performed as previously described in (36) . His-Cmr was diluted to 310 nM in cross-linking buffer (50 mM sodium phosphate, pH 7.4, 20% glycerol, 5 mM MgCl 2 ), and was then incubated with glutaraldehyde at a final concentration of 7 mM for 1 h at room temperature. The reaction was quenched by the Nucleic Acids Research, 2016, Vol. 44, No. 1 137 addition of SDS-PAGE sample buffer, and 8 l of crosslinking reaction was separated on a 12% SDS-PAGE gel. The protein was transferred onto a PVDF membrane and visualized by western blot with anti-Cmr serum.
Electrophoretic mobility shift assays (EMSA)
PCR forward primers ( Supplementary Table S3 ) were labeled with [␥ -33 P]-ATP (MP Biomedicals or Perkin Elmer) using T4 DNA polynucleotide kinase (New England Biolabs). DNA probes were generated using labeled forward primer and unlabeled reverse primer in PCR reaction. About 0.05 pmol DNA probe was used in each 10 l binding reaction mixture. Briefly, 0.3 M His-Cmr (N-or Cterminal tagged) and DNA probes were incubated at room temperature for 30 min in DNA binding buffer [10 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM EDTA, 50 g/ml bovine serum albumin, 1 mM dithiothreitol, 0.05% nonionic P-40 detergent, 20 g/ml poly(dI-dC) and 10% glycerol], with or without 100 M cAMP. Samples were loaded on an 6, 8 or 12% non-denaturing polyacrylamide gel, depending on the size of the DNA probe, and run for 2-3 h at 14 V/cm in 0.5× Tris-borate-EDTA buffer at 4 • C. Gels were transferred to Whatman paper, vacuum-dried, exposed overnight on a phosphor screen, scanned with Storm 860 PhosporImager (Molecular Dynamics) and analyzed with ImageQuant software (Molecular Dynamics). About 200-500× excess competitor DNA was used wherever mentioned.
SELEX from agarose gel
This procedure was carried out as previous reported in (37) . M. bovis BCG genomic DNA was digested to completion with Sau3AI and ligated to a linker sequence (5 -CGA ATTCAGGAAACAGCTATGTTAATTAA-3 ) prepared with a Sau3AI-compatible sticky end as previously reported. The DNA was mixed with purified His-Cmr for 30 min at room temperature, electrophoresed on a 1% agarose gel before excising a gel slice that contained DNA fragments >1 kb. DNA was extracted from the gel slice, amplified by PCR with KM1040 and cloned into TA vector (Invitrogen). The clones were then amplified by PCR with 33 Plabeled KM1040 (5 -CGAATTCAGGAAACAGCTATG), and further screened by electrophoretic mobility shift assays (EMSA) with purified His-Cmr in DNA binding buffer containing cAMP. DNA sequences were obtained for the EMSA-positive clones and referenced to the H37Rv genome to identify Cmr's potential binding sites in Mtb.
SELEX with magnetic beads
Mycobacterium bovis BCG genomic DNA was digested and ligated to linkers as mentioned above. A SELEX procedure was carried out as previously reported (9) using extract from Cmr expressing bacterial strain. A crude extract from 100 ml of His-Cmr expressing culture was applied to 100 l His Mag agarose beads (Novagen), which were then washed and equilibrated with DNA binding buffer, per the manufacturer's directions. Five micrograms of DNA fragments in 100 l of DNA binding buffer was added to the Cmrbound beads for 15 min at room temperature. The beads were washed three times to remove non-specific DNA before eluting Cmr-DNA complexes in a volume of 100 l. A total of 10 l of this eluted protein-DNA complex was heated for 10 min at 95 • C and used as a template for PCR with primer KM1040. The amplification product was used to bind again with the immobilized Cmr protein. The final elution was PCR amplified with KM1040 and cloned with TA cloning kit (Invitrogen). Individual E. coli DH5␣ transformants were picked into Luria broth containing 25 g/ml kanamycin, grown overnight and then used as templates for PCRs with primer KM1040 to amplify the captured insert fragments. PCR products of 200-300 bp were selected for further electrophoretic mobility shift assay (EMSA) analysis. The clones that bound with Cmr were DNA sequenced and referenced to the H37Rv genome as described above.
DNase I footprinting
A 187-bp DNA fragment containing the clone 1C1 was PCR amplified with primers KM1410 and KM1411 (Supplementary Table S3 ). The forward primer KM1410 was end labeled with [␥ -32 P] ATP using T4 polynucleotide kinase (New England Biolabs) to generate a single end-labeled probe. Binding reactions were performed in a final volume of 100 l containing ∼0.25 pmol DNA probe, 1.5 or 3 M Cmr protein and 20 g/ml poly (dI-dC) in binding buffer (10 mM Tris-HCl [pH 8.0], 50 mM KCl, 1 mM EDTA, 50 g/ml bovine serum albumin, 1 mM dithiolthreitol, 0.05% NP-40 detergent, 100 M cAMP). Binding reactions were performed for 30 min at room temperature and were then subjected to DNase I digestion in 10 mM MgCl 2 , 5 mM CaCl 2 for 1 min. Digestion was terminated by addition of 200 l stop solution (1% SDS, 200 mM NaCl, 20 mM EDTA and 20 g/ml salmon sperm DNA). Samples were extracted with phenol-chloroform and DNA was precipitated with ethanol, dried and resuspended in formamide loading dye. A dideoxynucleotide sequencing ladder was generated using a Thermo Sequenase cycle sequencing kit (USB) with the same end-labeled primer as was used for footprinting.
RNA extraction
Mycobacterium bovis BCG cultures were grown in required condition for 7 days in 5 ml mycomedium. Immediately after the flasks were taken out of the incubator, the cultures were treated with 0.5 ml of 5 M guanidine isothiocyanate (GTC). The cultures were pelleted by centrifugation at 13 000 rpm for 10 min at 4 • C. Total bacterial RNA was extracted using TRIzol R reagent (Life Technologies) as per the manufacturer's instructions. Briefly, bacterial pellets were resuspended in 1 ml TRIzol R reagent, and cells were disrupted mechanically with a bead beater (BioSpec Products) with three rounds of bead beating, 70 s each, in a mixture of 0.1 mm zirconia-silica beads (BioSpec Products). After brief centrifugation, the supernatant was transferred to fresh microcentrifuge tubes and incubated at room temperature for 5 min to allow dissociation of nucleoprotein complex. About 300 l of 24:1 mixture of chloroform: isoamyl alcohol was added to the supernatant, and mixed vigorously for 15-20 s. The samples were centrifuged at 13 000 rpm for 30 min at 4 • C. The upper aqueous phase was removed and nucleic acid was extracted by isopropanol extraction. The nucleic acid pellet was washed with ethanol and resuspended in RNase free water. DNA contamination was removed using RNase-free DNase protocol in solution following manufacturer's specification (Qiagen).
Semi-quantitative RT-PCR
cDNA was prepared for use in reverse transcriptase PCRs (RT-PCRs). A 0.5 g aliquot of RNA was incubated with 0.125 g of random primers RPA00, RPT00, RPC00 and RPG00 at 100 • C for 1 min, followed by 65 • C for 5 min. A mixture of 10 mM dNTP, 0.1 M DTT, RNase Out (Invitrogen), 5 l first-strand buffer (Invitrogen) and RT Superscript III (Invitrogen) was added to the RNA-random primer mixture and incubated at 25 • C for 10 min, 42 • C for 1 h and 70 • C for 15 min. RNA levels for genes of interest were examined through a series of cDNA dilutions (0-10 −6 ) to ensure that the quantitation was in the linear range of the PCR. When analyzing strongly induced genes, such as Rv2623, cDNA template levels are optimized for each growth condition. polA (Rv1629) or 16S rRNA expression was used as normalization controls. Before quantitation of individual genes, polA or 16S PCR products from an experiment were normalized to one another, by adjusting the volume of template used, to ensure equal levels of starting cDNA in each reaction. These PCRs were also performed using total RNA without reverse transcriptase (RT), to ensure the absence of DNA contamination.
ChIP-Seq
Mycobacterium bovis BCG WT, M. bovis BCG (p0805:Rv1264cat) liquid cultures were started from frozen seed stocks and grown shaking for 7 days, in mycomedium, in ambient conditions (21% O 2 , 0% CO 2 ). Duplicate flasks of M. bovis BCG (pMBC357) cultures were started from frozen seed stocks, and grown shaking for 3 days at 37 • C, in hypoxia supplemented with CO 2 conditions (1.3% O 2 , 5% CO 2 ) in a controlled atmospheric incubator. On day 3, dibutyryl-cAMP (dbcAMP) was added to one culture flask for a final concentration of 10 mM and returned to the incubator. All cultures were started in 225-cm 2 tissue culture flasks in mycomedium at a shallow depth of 2 mm. dbcAMP is a cell permeable compound, which gets cleaved upon internalization by bacteria to produce cAMP (33) .
A total of 50 ml culture volume of mid-log phase M. bovis BCG (pMBC357) cells was cross-linked with 1% formaldehyde, for 30 min at room temperature, on a slow rocking platform. Cross-linking was quenched by addition of 250 mM glycine and incubation for 15 min at room temperature with slow rocking. The cells were harvested, washed with cold PBS and resuspended in 0.5-0.6 ml of Buffer I (20 mM HEPES pH 7.9, 50 mM KCl, 0.5 M DTT, 10% glycerol) with protease inhibitor cocktail (Sigma). Bacterial cells were lysed and DNA sheared by sonication for 25 min (Covaris). The salt concentration of the cleared cell lysate was adjusted to a final concentration of 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% NP-40 (IPP150 buffer). Immunoprecipitation was carried out by incubation of lysate with 10 l of Cmr antiserum, on nutator at 4 • C. A total of 50 l of Protein A agarose beads were rinsed with IPP150 buffer, and added to the lysate-antiserum mixture. Protein A agarose-lysate-antiserum mixture was incubated at 4 • C for 30 min and room temperature for 1.5 h. The beads were washed at least five times with IPP150 buffer followed by two washes with TE buffer (10 mM Tris HCl pH 8.0, 1 mM EDTA). DNA from agarose beads was eluted by incubation with 150 l elution buffer (50 mM Tris HCl pH 8.0, 10 mM EDTA, 1% SDS) at 65 • C for 15 min. A second elution was carried out by incubation of pellet with 100ul of TE buffer+ 1% SDS at 65 • C for 5 min. Both elutions were pooled and de-crosslinked by incubating with 1 mg/ml Proteinase K at 37 • C for 2 h and 65 • C overnight. DNA was purified using PCR purification kit (QIAGEN).
Sequencing was performed as described previously (8) . Briefly, sequencing was performed on the Illumina platform, using a GAIIx (Boston University, sequencing core). Coverage along the genome was calculated using Bowtie2 (38) and SamTools (39) . Enriched regions were called using log-normal distributions as described in (40) . The criteria for a region to be considered 'enriched' were a minimum region length of 150 nt and at least 60 nt shift between its forward and reverse peaks. Region coverage was normalized using mean coverage of an experiment, correcting for the number of reads amongst experiments. Exact binding sites were determined as described by (40) , and motif was determined using MEME (41, 42) . Regions from the BCG genome were mapped to the Mtb H37Rv genome by sequence similarity using BLAST.
The following method was used to assign the targets of a binding site. An intergenic site was assigned two potential regulatory targets--the immediate upstream and downstream genes, regardless of the gene orientation. An 'intragenic' binding site (in the open reading frame of genes) was assigned an additional potential regulatory target--the gene the binding site is located in. The same assignment method was used for genes in an operon too. We used Tuberculist functional annotations (43) to assign the functional classification to each gene within the Cmr ChIP-seq data. The percentage of potentially regulated genes (based on the target assignment discussed above) was calculated for each functional classification. This percentage was calculated for enriched regions, and individual binding sites within enriched regions separately. The expectation of functional classification for the Mtb H37Rv genome was also calculated. In order to determine significant differences between the genome and the type of ChIP-seq site, hypergeometric calculations, with a correction factor of 11, were performed using Excel. P < 0.05 was considered significant.
RESULTS
Purified His-Cmr forms a dimer
N-terminal His-tagged Cmr was overexpressed in E. coli, purified using a His-affinity column ( Figure 1A) , and the purified protein was confirmed to be His-Cmr by western blot using monoclonal anti-His antibody ( Figure 1B) . The majority of purified His-Cmr appeared as a 31 kDa band, consistent with the monomeric form of protein ( Figure 1A) . However, a weaker band that migrated as a dimer-sized protein was also detected in these purified protein samples by western blot using anti-Cmr serum ( Figure 1C ). Many transcription factors form oligomers when bound to their DNA ligands. CRP proteins from E. coli and Mtb are dimeric (9, 36, 44) , so we cross-linked the purified recombinant protein with glutaraldehyde to evaluate the oligomeric state of Cmr protein. A band slightly above the 60 KDa migration point, corresponding in size to a Cmr dimer, was detected by western blot using anti-Cmr serum on a glutaraldehydetreated sample ( Figure 1C ). This result supports a homodimeric state for Cmr.
Identification and confirmation of Cmr binding motif
The Cmr encoding genes in Mtb (cmr or Rv1675c) and M. bovis BCG (BCG 1713c) are identical. We combined SELEX-based affinity capture and computational methods to identify genomic Cmr binding sites in TB complex bacteria, using M. bovis BCG as a model system. Cmr-bound genomic DNA fragments were recovered using gel electrophoresis or agarose bead-based SELEX approaches (see 'Materials and Methods' section). Nine DNA sequences that were confirmed by EMSA to strongly bind His-Cmr were chosen for further characterization (Supplementary Figure S1 , Table S1 ). The specificity of interaction for each confirmed DNA fragment with Cmr was further established by using competitor DNA in EMSA experiments. On addition of excess unlabeled specific competitor (identical DNA fragment as the probe), the band shifts corresponding to the DNA-protein complexes were lost. In contrast, these Cmr-DNA interactions were unaffected by addition of excess unlabeled non-specific competitor DNA ( Supplementary Figure S1B, S1C) .
EMSA was also performed to define a 40-bp DNA region within probe 1C1 that is sufficient for Cmr binding (Figure 2A and B) . Specific binding was confirmed using an excess of this unlabeled 40-bp 1C1 region as competitor DNA in the binding reactions ( Figure 2C ). Similar results were obtained for clones 2C5 and 2G5 ( Supplementary Figure S2 ), so we further defined the Cmr binding site using a DNase I footprinting assay. A 34-bp region within the 40bp 1C1 binding sequence, which includes the 16-bp palindrome TGTCAccggtgACACT was protected from DNase I digestion in the presence of His-Cmr ( Figure 2D ). The importance of this DNA sequence for Cmr binding was further established by partially replacing it in a 42-bp DNA fragment from clone 1C1. The palindrome-substituted 1C1 DNA (Mt) fragment could neither bind with Cmr, nor outcompete WT probe for Cmr binding (Figure 2E ). This indicates that sequence within this 16-bp palindrome is essential for 1C1 DNA binding with Cmr. Alignment of the combined DNA binding sequences from all SELEX experiments resulted in a consensus sequence consisting of two 5-nt palindromic half sequences separated by a 6-nt spacer (TGTCANNNNNNC/TGACA), with 70% identity to the 1C1 probe ( Supplementary Table S1 ).
We previously showed that Cmr regulates expression of Rv1265 within macrophages and binds the DNA sequence upstream of the Rv1265 ORF (32) . Replacement of a DNA sequence in the Rv1265 upstream binding region that is similar to the essential palindromic sequence in the 1C1 fragment also abolished Cmr binding in this region ( Figure 2F) . These experiments further established the biological importance of these 16-bp palindromic DNA sequences for Cmr binding and provided additional evidence for direct regulation of Rv1265 by Cmr (32) . The predicted HTH region of Cmr is essential for DNA binding HTH domains are common as DNA binding motifs in many transcription factors and DNA binding proteins. We used a HTH prediction program (http://npsa-pbil.ibcp. fr/cgi-bin/npsa automat.pl?page=/NPSA/npsa hth.html) to predict the HTH sequence of Cmr as 195LAQRT-LAAMLGAQRPSINKILK216. We expressed truncated versions of Cmr that included or lacked the predicted HTH region ( Figure 3A, Supplementary Figure S3 ) and compared their DNA binding abilities to that of full-length Cmr using EMSA. The truncate that retained the HTH region (HTH+) bound with the DNA probes, while the polypeptide that lacked the HTH region (HTH−) failed to bind DNA ( Figure 3B ). This binding of Cmr to DNA probes was specific, as excess unlabeled competitor probe was able to compete away the binding ( Figure 3C ) and indicates that the predicted HTH region is necessary for Cmr's DNA binding ability.
Genome wide ChIP-seq and functional classification analysis
We next performed Chromatin Immunoprecipitation with high-throughput sequencing (ChIP-seq) to characterize Cmr's DNA binding profile in vivo. For clarity, we will refer to experiments using recombinant purified protein as in vitro, whereas ChIP-seq experiments are referred to as in vivo, because they identify transcription factor binding to DNA sequences within viable bacterial cells. Experiments were performed in the presence or absence of excess cAMP, because Cmr was identified previously as the regulator of a subset of genes responsive to cAMP treatment (32) .
Preliminary studies were performed using M. bovis BCG WT and M. bovis BCG (pRv0805:Rv1264cat) strains. Both strains express basal levels of native Cmr, and the latter strain also produces excess cAMP endogenously (32) . These experiments yielded 26 distinct regions that were enriched for Cmr binding. However, previously known regulatory targets of Cmr such as groEL2 (Rv0440), Rv1265 (32) and strong SELEX candidates like 1C1, identified in this study were not enriched for Cmr binding in these experiments. Several of the enriched regions from this ChIP-seq experiment were tested for in vitro binding with Cmr using EMSA, but none showed strong binding (Supplementary Figure  S4 ). In addition, MEME (http://meme.nbcr.net/meme/cgibin/meme.cgi) was not able to detect a binding motif with high confidence among these enriched DNA regions. Together, these results suggested that the binding regions obtained with M. bovis BCG expressing basal levels of Cmr were not sufficiently representative of Cmr's direct DNA binding profile in vivo.
Transcription factor expression can vary widely in response to environmental stimuli and/or growth phase (45, 46) , and the Cmr expression level in WT M. bovis BCG grown in the same conditions as the ChIP-seq experiment was very low (Supplementary Figure S5 ). We reasoned that the environmental conditions used in our experiment might not be optimal for detecting Cmr expression and/or target binding using an immunoprecipitation-based method like ChIP-seq. Other investigators have increased transcription factor expression to achieve comprehensive ChIP-seq analyses of all possible DNA interactions (45, 47) , and found that inducing transcription factor expression to saturating levels improves the occupancy of strong sites while augmenting the identification of weaker affinity binding sites (8) .
To improve our ChIP-seq sensitivity, we performed additional experiments with an overexpression strain, M. bovis BCG (pMBC357) in the absence or presence of exogenous dibutyryl cAMP (dbcAMP) to elevate cAMP levels within M. bovis BCG, as previously described (33) . Experiments using bacteria that overexpressed native Cmr protein revealed ∼200 enriched regions that were not detected with basal Cmr expression levels. The highest magnitude of enrichment observed in experiments with elevated Cmr levels was 42-fold compared with 17-fold in the basal expression strain. In contrast to the basal expression results, Cmr binding regions identified using the overexpression model included known Cmr binding sites and regulatory targets, as detailed below.
The binding enrichment data from all experiments was cross-referenced to the Mtb H37Rv genome for analysis, and the BRACIL deconvolution method was used to detect individual binding sites within the enriched regions. BRACIL is a post peak calling method that is designed to specifically detect multiple sites within a ChIP-seq enriched region with very high sensitivity (40) . Application of this deconvolution algorithm to the Cmr enriched regions revealed multiple Cmr binding sites clustered within some enriched regions. The number of enriched regions and deconvolved binding sites from each experiment are listed in Supplementary Table S2 . Consolidating throughout all experiments, 368 Cmr binding sites were identified, of which 67.7% mapped within open reading frames (intragenic binding sites) and 32.3% mapped to intergenic regions. A detailed distribution of these sites in context of their exact placement in intragenic or intergenic regions is presented in Supplementary Figure S6A .
The normalized binding peak heights of Cmr across the genome are plotted in Figure 4A . Functional classifications of the genes associated with Cmr binding sites were compared to the relative percentages of each group within the Mtb H37Rv genome, using Tuberculist as a reference (Figure 4B) . The functional classification percentages were calculated separately using either binding regions or individual deconvolved binding sites, to address the issue of site clustering observed at many loci. Genes associated with Cmr binding sites were significantly enriched for 'Cell wall' and 'Stable RNAs' categories, when all binding sites were considered, suggesting a key biological role for Cmr in regulating these gene classes in Mtb. Conversely, genes associated with 'Insertion sequences', 'Intermediary metabolism' and 'Conserved hypothetical proteins' were underrepresented for associated Cmr binding sites.
Comparison of in vitro and in vivo DNA binding motifs
Surprisingly, one of the strongest in vitro SELEX candidates, 1C1, occurred as a relatively low enrichment region in vivo in the ChIP-seq experiment. Therefore, the DNA motifs obtained using the affinity capture experiments and the ChIP-seq analyses were compared to identify possible differences between Cmr's in vitro and in vivo binding profiles. A Cmr binding motif for each group was determined using MEME ( Figure 5A and B) , which refined the consensus sequence determined by the detailed molecular analyses (Figure 2) . Nucleotides at positions 3T and 14A were conserved Supplementary Table S1 . (B) Motif generated using ChIP-seq binding sites. (C) EMSA used to test the critical nucleotide positions in the motif. A 22-bp DNA fragment containing the 16-bp DNA binding motif in 1C1 was used as WT sequence (WT). The indicated positions were replaced with their alternative purine or pyrimidine base to maintain the AT/GC content of the DNA fragment used. DNA-protein binding reactions were run on a 12% native PAGE gel. strongly in both motifs, while two additional positions 2G and 15C appeared to be critical only in the model generated using the ChIP-seq hits ( Figure 5B ). We replaced each of these conserved nucleotide positions with its complementary purine or pyrimidine base (i.e. 2G to C, 3T to A, 14A to T and 15C to G) individually within a 22-bp sequence to determine the importance for Cmr binding of each of the designated motif positions. Nucleotides 8T and 9G served as negative controls because they were not conserved in either motif model.
Cmr was unable to bind DNA when the highly conserved nucleotides 2G, 3T, 14A or 15C were mutated, but substitution of non-conserved positions 8T and 9G did not affect Cmr-DNA binding ( Figure 5C ). These results show that all four of the highly conserved nucleotides contribute to Cmr binding in vitro. The identification of additional critical positions in the ChIP-seq generated motif may be explained by the larger sample size used to generate the motifs, or by differences between in vivo versus in vitro environments.
Characterization of top scoring Cmr binding peaks from ChIP-seq
We further characterized the 10 highest scoring Cmr binding regions to gain an overview of Cmr's role in Mtb biology. ChIP-seq can detect direct (protein of interest bound to DNA) as well as indirect transcription factor binding (protein of interest bound to another protein that interacts with DNA). Mtb H37Rv DNA sequences were used in these in vitro EMSA experiments to assess Cmr binding to these specific regions of the Mtb H37Rv genome, shown schematically in Figure 6A . The Mtb sequences corresponding to all ten regions bound with Cmr by EMSA ( Figure 6B ), confirming direct binding of Cmr with DNA in all enriched regions. In vitro binding of Cmr to the ChIP-seq binding sites was shown to be specific using competition assays (Supplementary Figure S7 ), but no obvious effect of cAMP was observed in these in vitro experiments ( Figure 6B) .
The highest enrichment for Cmr binding was observed at a site within the open reading frame of BCG 1714 (ortholog of Rv1676), located 150 bp upstream of the Cmr translational start site. Cortes et al. (48) re-annotated the translational start site of Rv1676 to 129 nucleotides downstream of the present Tuberculist annotation, thus making the Cmr binding site in this region intergenic to Rv1675c and Rv1676. Additional sequences that failed to show the signature bimodal peak in this region were not considered for further analysis. The second top-scoring peak, with 24fold enrichment, occurred within the open reading frame of BCG 0898c (ortholog of Rv0846c), a gene shown to have multicopper oxidase activity. Cmr binding to this region in Mtb could have regulatory effects on either Rv0846c or the divergently expressed lpqS, a lipoprotein, also shown to belong to the copper sensitivity regulon (49) . The third ranking peak occurred in the intergenic region between orthologs of convergent genes BCG 1434 (Rv1373) and BCG 1435c (Rv1374c), 57 bp upstream of the small noncoding RNA MTS1082 (MTB000076, ncRv1374). A cluster of Cmr binding sites with strong enrichment was also found in the open reading frame of the Rv1057 ortholog, BCG1115, the gene encoding for the only beta-propeller protein in Mtb (50) . Binding sites for CRP Mt (31) , LexA (51), MprA (52), EspR (10) and TrcR (53) have been previously reported in the region upstream of Rv1057. The density and diversity of these potential regulatory targets suggests a complex regulatory role for Cmr with interplay between multiple transcription factors.
Autoregulation of cmr expression
The binding site upstream of cmr bound specifically with Cmr by EMSA ( Figures 6B and 7A, Supplementary Figure  S7 ), and we reasoned that it may contribute to cmr regulation. A cmr knockout strain (32) , in which 180 bp at the 5 end of the cmr open reading frame remain intact (Figure 7B and 'Materials and Methods section' for details), allowed the use of semi-quantitative RTPCR to study cmr expression by using primers that amplify this short uninterrupted region of cmr. The transcripts spanning this region are present in both the WT and the knockout strains. We observed increased expression of cmr in the knockout strain compared to the WT, indicating repression of cmr Supplementary Table S3 in supplementary material. (B) EMSA showing in vitro binding of Cmr to probes shown in (A). A total of 300 nM Cmr and 10 mM final concentration of cAMP was added to the DNA binding reaction wherever indicated. EMSAs have been pooled from multiple independent experiments, and therefore the probe sizes between gel images are not comparable. expression ( Figure 7C and D) . Complementation of the BCG cmr strain with a WT cmr copy restored the expression to WT levels, after taking into account the doubling of transcripts for the amplified region in this strain (Figure 7B) .
Effect of cAMP on Cmr binding in vivo
We found strong concordance of Cmr binding enrichment between the untreated and dbcAMP treated ChIP-seq samples, but a small number of sites showed differential enrichment in response to cAMP. Eight binding sites within six regions had increased peak heights (>1.5×) in the presence of dbcAMP compared to untreated conditions (Figure 8A) , while 18 binding sites distributed among six loci were decreased in binding enrichment (>1.5×). All but one of these 18 decreased enrichment binding sites are within or adjacent to members of the DosR regulon, including Rv2623, Rv2030c and Rv1739c (Figure 8A and B) . Nine ad-ditional Cmr binding sites were also associated with DosR regulon members, but cAMP did not affect binding at these sites. The peak height ratios between +/− dbcAMP treatments for all ChIP-seq binding sites, analyzed on the basis of their association with the DosR regulon, is shown in Figure 8B . These results suggest the potential role of Cmr and/or cAMP in the regulation of DosR regulon members.
Effect of cAMP on Cmr binding to clusters of binding sites within dosR regulon genes
Clusters of relatively low affinity binding sites were identified at many loci, including M. bovis BCG orthologs of DosR regulon members Rv2623, Rv2030c, Rv1738 and Rv2626c. Cmr bound to most of these DNA regions in vitro, but distant binding sites were also needed for maximal Cmr binding in some cases. For example, a cluster of six Cmr binding sites was distributed across a 1-kb region at the Rv2030c-acr-acg locus. Moderate in vitro binding was ob- Figure 9A ). However, specific binding significantly improved when longer probes (c) and (d), containing multiple binding sites were used ( Figure 9A , Supplementary Figure S7 ). Similarly, specific in vitro binding with Cmr was observed in the Rv2623 region, using a 580 bp DNA fragment that included all four Cmr binding sites and two DosR binding sites previously identified in this region, but not when the individual binding sites were tested independently ( Figure 9B, Supplementary Figure S7 ). Specific in vitro binding with Cmr was also observed at the Rv1739c locus, which contains just two closely spaced binding sites ( Figure 9C) .
In contrast to the results using smaller DNA probes (Figure 6B) , cAMP affected the mobility of multi-site DNA probes in the Rv2030c and Rv2623 regions, bound with Cmr ( Figure 9A and B) . This differential mobility of DNAprotein co-complexes in the presence of cAMP suggests that cAMP alters the binding of Cmr to these DNA regions, which could have relevance for gene regulation in vivo.
While high-affinity binding sites are more likely to regulate target genes, many weak-or low-affinity binding sites also have regulatory functions (54) . To investigate the possible regulation of Rv2623 by Cmr, we used semi-quantitative RT-PCR to measure the expression of Rv2623 in M. bovis BCG WT, cmr and cmr::pMBC668 (single copy complementation strain) at the RNA and protein levels. Rv2623 expression is highly induced by DosR in shallow standing cultures relative to the low levels of basal expression that occur in ambient shaking cultures (55) . We observed increased Rv2623 mRNA expression in the cmr strain relative to WT in non-inducing conditions ( Figure 10A ), and decreased Rv2623 mRNA expression in the cmr strain relative to WT under inducing conditions ( Figure 10B ). Similarly, Rv2623 protein expression was decreased in the cmr background relative to WT under inducing conditions (Figure 10C and D) . Western blot analysis was not sensitive enough to detect Rv2623 protein levels under non-inducing conditions (not shown). Rv2623 expression was restored at both the mRNA and protein levels in the complementation strain ( Figure 10 ), demonstrating that Cmr directly regulates the expression of Rv2623 in Mtb.
DISCUSSION
This study provides a comprehensive characterization of Cmr (Rv1675c), as a cAMP associated transcription factor in TB complex mycobacteria. Molecular analyses established the DNA binding motif recognized by Cmr, while ChIP-seq was employed to define genome-wide Cmr binding sites. Use of the BRACIL deconvolution method (40) al- Normalized peak height at all Cmr binding sites in untreated (x-axis) and +dbcAMP treatment (y-axis) is plotted on the graph. Binding sites that show greater than 1.5-fold increase or decrease in enrichment in +dbcAMP condition are shown in red and green respectively. Sites in Rv0846c (denoted 1,2) and Rv2623 (denoted 3) show the highest differential enrichment between −/+dbcAMP treatments (B) dbcAMP: untreated ratio of normalized peak height at binding sites plotted on y-axis. Differential ratio of binding at all ChIP-seq binding sites shown as gray squares; excluding members of DosR regulon shown as gray triangles and DosR regulon members exclusively shown as gray circles, along x-axis. Statistical significance was calculated using two-tailed unpaired Student's t-test. **P = 0.0085, ***P < 0.0001. lowed us to predict closely spaced Cmr binding sites within ChIP-seq enriched regions, providing a high level of resolution for downstream Cmr binding site analyses. We identified over 300 Cmr binding sites, including a number of clustered Cmr binding sites that are proximal to genes within the DosR regulon. cAMP affected Cmr binding to a subset of these clustered sites in vivo and in vitro, but not to single Cmr binding sites when tested individually. Cmr based regulation of members of the dormancy regulon, including Rv2623, suggests a role for Cmr in latency related adaptation of Mtb in the host environment.
Comparison with other CRP family transcription factors
Cmr is a CRP/FNR family transcription factor, but shares only ∼24% sequence identity with CRP Mt over 206 amino acid residues (50-244 in Cmr and 19-224 in CRP Mt ). The motif recognized by Cmr is very similar to the CRP Mt binding motif (9, 30, 31) , but there was little overlap between the ChIP-seq binding sites for Cmr with the genome-wide CRP binding sites in Mtb. This result indicates that Cmr is able to distinguish among subtly different DNA binding motifs and controls a regulon that is distinct from those of its CRP-family counterparts. While the DNA binding motif recognized by Cmr ( Figure 5 ) is nearly identical to the motif recognized by CO-responsive transcription factor, CooA in Rhodospirillum rubrum (56) , CO had no effect on Cmr's DNA binding ability (data not shown). Both Cmr and CRP Mt bind DNA via the HTH domain at the C terminal end of the proteins. Two of the three residues in the HTH domain (Arg188, Glu189 and Lys193) that are directly involved in DNA binding (9, 24, 57) are conserved between CRP Mt and Cmr. However, Glu189 in CRP Mt is replaced by a proline residue at the corresponding position in Cmr, which may contribute to binding specificity.
Escherichia coli CRP is one of the best studied CRPfamily transcription factors, and it has been shown to both positively and negatively autoregulate its own expression (58, 59) . While no autoregulation has been reported for CRP Mt , we show that Cmr autorepresses its own expression, likely by binding to a site centered 150 nt upstream of its translational start site (Figure 7 ). This Cmr binding site was the most highly enriched by ChIP-seq in this study. We were interested to note that the next highest Cmr enrichment mapped to the intragenic locus of Rv0846c, a mycobacterial multicopper oxidase which belongs to a copper sensitivity regulon (49) . One of the strongest CRP Mt binding sites occurs upstream of the putative copper transporter gene, ctpB (Rv0103c) (30, 31) , and we previously established a role for CRP Mt in copper resistance in M. bovis BCG using a crp mutant that showed increased sensitivity to copper treatment (30) . This suggests an important role for CRPfamily transcription factors in metal homeostasis in Mtb.
Intergenic and intragenic binding sites
Approximately 29% of Cmr binding sites occur in the linear or divergent intergenic regions, and ∼3% of sites are located in convergent intergenic regions ( Supplementary Figure S6A ). This total 32% of intergenic binding is much higher than that observed for CRP in Mtb, where only 17% of all binding sites were found to be intergenic (30) . The Cmr binding site to TSS (transcription start site) distance analysis shows 57% of the mapped sites cluster in the −100 to +100 region around the TSS ( Supplementary Figure S6B) . ChIP-seq also revealed that 16% of Cmr binding sites occurs in the first 10% of annotated open reading frames. Taken together, this promoter proximal localization is consistent with canonical transcription factor binding behavior and suggestive of extended regulatory regions for Nucleic Acids Research, 2016, Vol. 44, No. 1 147 Figure 9 . Effect of cAMP on in vitro binding of Cmr to clustered binding sites adjacent to genes belonging to DosR regulon. Schematic maps (not Cmr. Nonetheless, many binding sites (51% of total binding sites) occur well into the intragenic regions, and their potential contributions to gene regulation cannot be dismissed. With the advent of techniques like ChIP-seq and ChIPexo, the notion of regulatory elements being confined to intergenic regions (60, 61) is being increasingly challenged. Galagan et al. (8) noted recently that a high frequency of intragenic binding sites has been observed for almost all transcription factors studied at the genomic level, and suggests the presence of more long range regulatory interactions than previously thought. Recent studies to map the flagellar regulatory network in E. coli showed that more than half of the ChIP-seq binding sites map to intragenic regions (46) , while we previously established the contribution of intragenic CRP Mt binding site in the regulation of Rv0249c-Rv0250c (30) . Intragenic binding of transcription factors has also been observed in eukaryotes (62, 63) . It has been suggested that transcription factor binding in the exons of a gene has implications for its evolution, because its codon usage would be directed in a way that must also accommodate transcription factor binding requirements (64) .
In addition to its role as a classical transcription factor, the clusters of closely spaced binding sites within some Cmr binding regions raise the possibility that Cmr can also contribute to gene regulation through a mechanism that involves localized genome reorganization. The role of nucleoid-associated proteins (NAPs) in restructuring the genome, thereby modulating the accessibility of transcription factors to certain binding sites, can have a substantial effect on the transcriptome. The impact of genome remodeling on gene regulation is increasingly being appreciated in Mtb with studies characterizing NAPs such as Lsr2 (Rv3597c) (65, 66) , EspR (Rv3849) (10), HNS (Rv3852) (67), miHF (Rv1388) (68) and hupB (Rv2986c) (69) . Further exploration of the possibility that Cmr has multiple roles on the continuum from canonical transcription factor to NAP is warranted, and the DosR regulon may be especially relevant in this regard.
Clustering of Cmr binding sites near members of the DosR regulon
We were particularly interested to note a correlation between clustered Cmr binding sites and their proximity to DosR-regulated genes. The DosR (DevR) dormancy regulon is comprised of 48 genes distributed among nine groups across the Mtb genome. Hypoxia, nitric oxide treatment or growth in shallow standing cultures without agitation has been shown to induce expression of these genes (70) (71) (72) . In vitro studies showed dosR to be important for Mtb survival in hypoxic environments (70) and upregulation of DosR regulon members is also associated with the increased viru- Supplementary Table  S3 ) was used as non-specific competition (NS). We observed 26 closely spaced Cmr binding sites distributed in the vicinity of seven of the DosR regulon gene clusters. In particular, deconvolution of the Cmr enriched regions revealed six Cmr binding sites at the acr/acg locus and four proximal to Rv2623. In vitro binding of Cmr to these individual binding sites from these regions, as measured by EMSA, was very poor, but robust binding was observed when multiple binding sites were present (Figure 9 ). The need for longer DNA sequences spanning multiple binding sites suggests cooperative binding of Cmr to these regions. Closely spaced transcription factor binding sites could be a way to modulate the strength of the regulatory signal, and the use of cooperative binding of transcription factors to interspersed strong and weak binding sites is an additional way to fine tune expression levels in response to multiple signals (76) .
Multiple DosR binding motifs are located upstream of Rv2623, divergent genes acr and acg, and divergent genes Rv1738 and narK2. Extensive work characterizing the regulatory regions of DosR regulon members has indicated complex control of this regulon both DosR-dependent and DosR-independent manners (55, (77) (78) (79) (80) . For example, MprA binding motifs upstream of DosR regulon members, Rv1812c-Rv1813c (81) and components within the Rv0081-Rv0088 gene cluster are co-regulated by DosR, MprA and Rv0081 (82) . In this study, we establish Cmr as another coregulator of Rv2623 expression. Rv2623 is an ATPase with a role in the establishment of persistent Mtb infection (75) , which suggests that Cmr also contributes to latency-related adaptation of Mtb. The multitude of DosR and Cmr binding sites in the region upstream of known DosR regulon members warrants further investigation into the potential of cooperativity between Cmr and/or DosR binding.
cAMP effect on Cmr's DNA binding
Although Cmr was first established as a regulator of genes differentially expressed in an exogenous cAMP model (32) , the relationship of Cmr with cAMP has been difficult to define. Cmr binding of individual sites was not affected by cAMP using EMSA, and physical interactions between Cmr and cAMP have not been observed (unpublished results). Nonetheless, we observed differential enrichment of Cmr at a subset of binding sites in the presence of cAMP in vivo ( Figure 8A) , most of which are located proximal to members of the DosR regulon ( Figure 8B ). The mobility of these Cmr-DNA complexes was affected by the addition of cAMP in vitro (Figure 9 ), consistent with an effect of cAMP on the conformation of the Cmr-DNA complex. Both E. coli CRP and CRP Mt have been shown to bend their DNA targets upon binding, and we propose that the presence of cAMP affects Cmr's ability to shape its target DNA upon binding as well. The mechanism by which cAMP mediates its effect on Cmr-DNA complex formation is not clear. However, a localized DNA conformation effect mediated by Cmr and cAMP could have important biological implications for the regulation of Rv2623, acr and acg, where the concentration of clustered Cmr binding sites is greatest. In E. coli, cAMP induces a conformational change in CRP that is required for specific DNA binding (83) (84) (85) . Binding of cAMP to CRP Mt has been demonstrated, and shown to improve its DNA binding in vitro (9, 24) . However, with the exception of a few DNA loci (26, 27) , cAMP is not necessary for DNA binding by CRP Mt (9, 24) . Similarly, cAMP is not necessary for DNA binding by Cmr ( Figure 6B ). We speculate that cAMP could be involved in DNA binding by Cmr in regions where multiple Cmr binding sites are present, affecting the affinity of Cmr to particular binding sites. Six residues in E. coli CRP were found to be involved in cAMP binding (57) , four of which are conserved in CRP Mt (24) . However, none of these residues are conserved in Cmr. This suggests that the mechanism of cAMP binding to Cmr is different than that in E. coli CRP and CRP Mt . The effect of cAMP on Cmr and CRP Mt 's DNA binding ability to particular DNA sequences is particularly intriguing to us and currently under investigation.
Comparison of native and overexpression ChIP-seq
Our preliminary ChIP-seq experiment with basal levels of Cmr expression yielded 26 enriched regions, 17 of which were also detected with low levels of enrichment in the ChIP-seq experiment using the overexpression strain. However, we were not able to validate any of these enriched regions as bona fide Cmr binding sites, as they failed to yield a common motif or show robust direct binding with Cmr in gel shift assays (Supplementary Figure S4) . In contrast, DNA sequences obtained from the overexpression ChIP studies contained a strong motif, showed robust direct binding with Cmr and contributed to Cmr-dependent gene regulation in WT bacteria. Nonetheless, it remains possible that at least some enriched regions from the basal ChIP-seq experiment contain legitimate binding sites for which as yet unknown in vivo cofactors facilitate interactions with Cmr at low concentrations, but are absent in the presence of high levels of Cmr.
Transcription factor expression can vary widely in response to environmental stimuli and/or growth phase (45, 46) . Overexpression of transcription factors allows an overall view of all possible binding sites across the genome instead of a snapshot of binding sites in particular physiological environments, with the calculated risk of identifying some false positives. Definite regulatory function for a binding site can be assigned only by additional experiments, and a key result of this study is the biological validation of potential regulatory targets of Cmr identified using the ChIP-seq experiments. Our demonstration that Cmr regulates cmr and Rv2623 (Figures 7 and 10) , which were only identified when Cmr was overexpressed, illustrates the usefulness of transcription factor overexpression as a tool to identify potential regulatory targets of transcription factors that are expressed transiently or at low levels in the chosen assay conditions. Future studies should be directed toward understanding the regulatory role of Cmr in Mtb, conditions that affect Cmr expression, the relationship between Cmr, cAMP and other possible interacting partners, and the significance of its genome wide binding sites, both intragenic and intergenic. The overlapping regulons of multiple transcription factors highlights the complexity of gene regulation in Mtb, and its ability to integrate diverse environmental cues to adapt within the host.
